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Introduction
In a number of papers, attempts were made to study the influence of a surrounding medium on the energy deposited during electrical wire explosions (1) (2) (3) (4) . A recent report by Sarkisov et al. (3) on the electrical explosion of titanium wires showed that the energy deposited into the wire doubled for explosions in air when compared to that deposited for explosions in vacuum. In a similar experiment, Bennett (5) showed that surface impurities (such as absorbed gases and hydrocarbons) played an important role in energy deposition during electrical explosion and vaporizing impurities formed a plasma shell around the exploding wire. The plasma shell forces the current away from the wire core and reduces joule energy deposition. On the other hand, Grinenko et al. (4) reported that the plasma shell was significantly reduced for wires exploded in water, resulting in significant energy deposition. Clearly, to improve energy deposition, it is necessary to minimize current diversion from the wire core to the plasma shell during wire explosion. One possible way to solve this problem is to explode wires in water or air.
To obtain data suitable for electrical measurements, we created a cylindrical plasma by vaporizing a metal wire with a burst of current in air and in water following the experimental techniques advanced previously by DeSilva and Kunze (6) and DeSilva and Katsouros (7). The resulting plasma column expanded radially, compressing the surrounding water or air and causing a cylindrical shock wave to move radially outward. The plasma remained quite stable during this expansion in water, and very little diffusion of energy occurred between the plasma and water on the short time scale of the observation. In our experiment, the plasma was assumed to be uniform within the plasma water boundary. However, in air, the plasma had a zero pressure outer boundary and was certainly not uniform over the cross section.
The aim of this report is to investigate plasma dynamics associated with exploding nickel and tungsten wires and to provide experimental data for verification and validation of the ALEGRA (Arbitrary Lagrangian Eulerian General Research Application) code. Knowledge of some of the material properties at high temperature and pressures (plasma state) is extremely important for several U.S. Army-related applications, such as electromagnetic armor, electrical conduction in shaped charge jets, and electromagnetic propulsion. Figure 1 shows a schematic diagram of the discharge chamber. It consists of an aluminum cylinder 45 cm in diameter and 25 cm in height. Current was introduced coaxially from the bottom electrode, and the load wire was stretched between this electrode and a grounded support positioned 54 mm above the electrode. Current return from the top of the wire took place through four rods positioned symmetrically about the wire. The chamber was fitted with four windows, placed 90° apart, to allow optical observation of the plasma. After a load wire was installed, the chamber was filled with deionized water (for experiments conducted in water). Current was driven from a single capacitor of 256 F rated at 10 kV (they have been used in this work only up to about 4 kV) and switched by a vacuum sparkgap. A Pearson coil was used to measure the current, and a Rogowski coil with a sensitivity of 31.8 A/s was used to measure the current time derivative. A capacitive voltage divider (1000:1 ratio) was used to measure the voltage at the load. The signals from the Rogowski and Pearson coil were recorded using a four-channel DSO6104A Agilent oscilloscope. 
Experimental Procedure
5
The inductance of the circuit, exclusive of the wire load, was about 505 nH. This circuit inductance was measured by installing a cylindrical plug in place of the wire load and firing. Such a load was purely inductive. It was from the observed ringing period that the bank inductance was determined. Voltage and current were recorded for this inductive load, and
served to confirm that the diagnostics were functioning correctly. From the ratio of these quantities, the overall circuit inductance was determined.
Analysis
In interpreting the data, we assumed uniformity of the plasma column and homogeneous heating of the wires. In our experiments, we neglected radial inhomogeneity of the current due to skin effect because of the small wire diameter. We also expected no effect from magnetic diffusion time  in the final measurements. The recorded voltage is given as
where I is the current through the wire, R is the resistance of the wire, and ) computed using the formula given in reference (10).
To make a reasonable estimate of the energy input, we compared the experimental energy input derived by integrating the current and voltage with energy derived from the thermodynamic relationship given by the following:
where m is the mass of the wire, s c is the specific heat at room temperature, l c is the specific heat at the melting temperature (11), T  is the change in temperature from room temperature to melting temperature,
is the change in temperature from the melting point to the vaporization point, and f L and v L are the latent heats of fusion and vaporization. A summary of the thermophysical properties of pure nickel and tungsten wire is shown in table 1. In reality, the exploded wires are alloys that may have slightly different specific heats, latent heats, and melting and boiling temperatures.
Results and Discussion
Nickel
Figures 2a and c show the current, voltage, and deposited energy waveforms for nickel wire explosions in air and water.
As the wire was heated in air (figure 2a), the current rose rapidly to a maximum value of about 4.7 kA in 1.5 s, then dropped to nearly 0. The current through the wire was approximately constant in the 2.5-5.5-s range, which implied that the resistivity was nearly constant in this region. This time region probably corresponded to the latent heat of vaporization, where energy was added to the wire without any change of temperature. At about 6 s, the wire became extremely nonconducting. Presumably, at this time, the wire exploded. Meanwhile, the voltage rose with various changes in slope to a maximum value of about 4.7 kV. The voltage plot revealed some interesting features, and the characteristic points were marked α, β, γ, and δ (see figure 2) . At  (manifested by a small inflection in the voltage), ~2.6 J of energy was deposited in the wire. This energy was sufficient to raise the temperature of the nickel wire to the Curie temperature (631 K). Beyond , the voltage rose to a small peak at α, where 12.4 J of additional energy was deposited into the wire, sufficient to raise the temperature of the wire to 1728 K (melting point). After α, an additional 6 J of energy equal to the heat of fusion was added to melt the wire at β. Meanwhile, at γ, ~35 J of energy was deposited into the wire, sufficient for onset of vaporization. We associated the voltage spike at label δ to arcing in the plasma.
The resistance, plotted together with the energy deposited in air, is shown in figure 2b . Indicated on the plot are the corresponding transitions labeled α, β, γ, and δ. The resistance was determined from the measured current and voltage. The initial resistance was about 0.1 . The resistance then increased with heating to 1.35  at about 3.5 s. A roughly constant resistance phase followed for about 2 s, and then the resistance increased rapidly thereafter. In the liquid phase indicated by β, the resistance was linear. The linearity continued until the onset of vaporization at γ. From label γ to δ, the resistance approached a nearly constant value. Within this range, we assumed that the wire changed its form from a liquid to a vapor. In all the regimes (α, β, γ, and δ) discussed, one recognizes some typical stages. The first stage is the phase transition at  followed by heating of the wire and onset of melting at α, melting at β, onset of vaporization at γ, and arcing at δ. We have found that the characteristic current and voltage waveforms are similar in air and water. The energy required to melt a 54-mm-long, 230-m-diameter nickel wire was estimated to be 18.5 J. The energy required to fully vaporize this wire was 164.5 J. The measured energy deposited up to vaporization was about 52 J in air and 60 J in water, which is ~32% and 36% of the vaporization energy. This finding is consistent with the previous work of Sinars et al. (15), who showed that the deposited energy at vaporization was 30% for Al, 55% for Cu, 17% for Pt, 49% for Au, 24% for Fe, 13% for W, and 3% for Ti. They reported that the deposited energy at vaporization depended on the expansion of the exploding wire core. The most rapid and uniform expansion occurred for wires in which the initial energy deposited was a substantial fraction of the energy required to completely vaporize the wire. Figure 3 depicts waveforms showing the electrical characteristics of an exploding 150-m-diameter tungsten wire in air and water. As before, figures 3a-d show the current through the wire, the voltage across the wire, the resistance, and deposited energy. In air (see figure 3a) , during the wire heating stage prior to the point , the current and voltage linearly increased in time. The current reached a maximum value of about 4.2 kA in 0.75 s and then dropped to 1.5 kA at 1.5 s. Similarly, in water (see figure 3c ) the current reached a maximum value of 4.4 kA at 0.75 s and then followed the same pattern as in air.
Tungsten
Meanwhile, the voltage rose from 0 to a maximum value of about 5.9 kV in air and 5.0 kV in water, with inflection at label The label at manifested by a local maximum in the resistance of the wire is shown in figure 3b . The initial rise in resistance was previously reported by Tkachenko et al. (12) and Rousskikh et al. (13) for W wires exploded in air in a nanosecond time scale. In Tkachenko et al. (12) , the time variation of the resistance showed that the local maximum occurred at ~500 ns, similar to our observation (see figure 3b) . Meanwhile, in Rousskikh et al. (13) , the resistance was plotted against deposited energy, showing the local maximum at about 2 mJ. No explanation was given for the initial local maximum of the resistance for W wire exploded in air.
At  (onset of melting), ~6 J of energy was deposited in air, and about 8 J of energy was deposited in water (see figures 2a and c). The deposited energy at  was ~75% (in air) and 98%
(in water) of the energy required to raise the temperature of the tungsten wire to the melting point. The energy required to completely melt a 54-mm-long, 150-m-diameter tungsten wire was estimated to be 11.5 J (see table 1 ). The measured deposited energy at  was 13 J in air and 15 J in water; these values were sufficient to melt the tungsten wire. As more energy was added into the wire, the wire started to vaporize. At , ~18 J of energy was deposited in air and 23 J in water. The deposited energy at  was sufficient to bring the wire to vaporization point (see table 1 ).
The resistance for the wire exploded in air and water is shown in figures 3b and d. In both cases, the resistance rose slowly (with various changes in slope) to a maximum value of about 2.25 .
The difference in the resistance curves in air and water was attributed to the nonuniformity of the liquid wire in air, i.e., during ohmic heating, rapid expansion usually led to nonuniform densities, and if conditions were nonuniform, conductivity would also be nonuniform. In air, we postulated that at the onset of current pulse, current flowed in a small cross-sectional area of the wire, resulting in increased average wire, resistance ( I V R / ) than expected if the current was uniformly distributed in a cross-sectional area of the wire. As the wire was heated, the conducting area grew, forcing the resistance wire to fall to a minimum value (see point in figures 3b and d). At this point, the specific conductivity decreased, causing the resistance to increase again at label .
Conclusion
An attempt was made to provide a full qualitative description of exploding nickel and tungsten wires in air and water. The primary measurements were the current through and voltage along the plasma column. Using these data as input, we then deduced the resistance and deposited energy in the plasma. A comparison of the experimental results for the explosion of nickel and tungsten wires in air with the results for the explosion in water showed that more energy was deposited in water than in air. We postulated that water prevented rapid expansion of the heated wire, enabling the material to be uniform during explosion and improving energy deposition. The mechanism causing the increase in energy deposition is still not well understood. We postulated that plasma formation outside the wire core (in air explosion) was responsible for the reduction in deposited energy.
Finally, the experiments presented in this report, along with ongoing and future experiments, should ultimately prove useful for determining appropriate wire thermodynamic properties at high temperatures and pressures. This could occur through trial and error with some materials or by helping to validate computer codes, such as ALEGRA, that can then be used to predict the results of changing wire materials. 
